
IL-6742 ANL-6742 

argonne Batlonal Caboratorg 
LABORATORY INVESTIGATIONS IN 
SUPPORT OF FLUID BED FLUORIDE 

VOLATILITY PROCESSES 

Part I. The Fluorination of 
Uranium Dioxide-Plutonium Dioxide 

Solid Solutions 

by 

R. L. Jarry, L. J. Anastasia, 
J. Fischer, L. E. Trevorrow, 

T. D. Baker, and J. J. Stockbar 



LEGAL NOTICE 

This report was prepared as an account of Government sponsored 
work. Neither the United States, nor the Commission, nor any 
person acting on behalf of the Commission: 

A flakes any warranty or representation, expressed or implied, 
with respect to the accuracy, completeness, or usefulness 
of the information contained m this report, or that the use 
of any information, apparatus, method, or process disclosed 
in this report may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for 
damages resulting from the use of any information, apparatus, 
method, or process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee 
of such contractor, to the extent that such employee or contractor 
of the Commission, or employee of such contractor prepares, dis­
seminates, or provides access to, any information pursuant to his 
employment or contract with the Commission, or his employment with 
such contractor. 



ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 
Argonne, Illinois 60440 

ERRATUM for ANL-6742 

LABORATORY INVESTIGATIONS IN SUPPORT OF 
FLUID BED FLUORIDE VOLATILITY PROCESSES 

Par t I. The Fluorination of Uranium 
Dioxide-Plutonium Dioxide Solid Solutions 

by 

R. L. Ja r ry , L. J. Anastasia 
J. F ischer , L. E. Trevorrow, 

T. D. Baker, and J. J. Stockbar 

On page 5, 9th line from bottom should read: 

"10,000 Mwd/ton burnup. . . ." 

instead of "100,000 Mwd/ton burnup. . . . " 

Alvin Glassner 
Technical Publications Department 

November 1, 1963 





ANL-6742 
Chemical Separations Processes 

for Plutonium and Uranium 
(TID-4500, 23rd Ed.) 
AEC Research and 

Development Report 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 
Argonne, Illinois 60440 

LABORATORY INVESTIGATIONS IN 
SUPPORT OF FLUID-BED FLUORIDE 

VOLATILITY PROCESSES 

PART I. THE FLUORINATION OF URANIUM DIOXIDE-
PLUTONIUM DIOXIDE SOLID SOLUTIONS 

by 

R. L. J a r r y , L. J . A n a s t a s i a , 
J . F i s c h e r , L. E. T r e v o r r o w , 

T. D. B a k e r , and J . J . S tockbar 

C h e m i c a l E n g i n e e r i n g Div i s ion 

S e p t e m b e r 1963 

P a r t II of th i s s e r i e s i s A N L - 6 7 5 3 
P a r t III of th i s s e r i e s is ANL-6762 
P a r t IV of th i s s e r i e s is ANL-6763 

O p e r a t e d by The U n i v e r s i t y of Ch icago 
u n d e r 

C o n t r a c t W - 3 1 - 1 0 9 - e n g - 3 8 
with the 

U. S. A t o m i c E n e r g y C o m m i s s i o n 





T A B L E OF C O N T E N T S 

P a g e 

F O R E W O R D 4 

A B S T R A C T 5 

I. INTRODUCTION ^ 

II. M A T E R I A L S , A P P A R A T U S , P R O C E D U R E 8 

III. R E S U L T S AND DISCUSSION 11 

IV. SUMMARY . 18 

V. A C K N O W L E D G M E N T I9 

VI. BIBLIOGRAPHY 20 





LIST OF FIGURES 

No. Title Page 

1. Conceptual Flowsheet for a Fluid-bed Fluoride Volatility 
P roces s 7 

2. Flowsheet for the Prepara t ion of Uranium Dioxide-Plutonium 
Dioxide Solid Solutions 8 

3. Schematic Diagram of Equipment for Uranium-Plutonium 
Fluorination Experiments 9 

4. Photograph of Fluorination Equipment in Glovebox 10 

LIST OF TABLES 

No. Title Page 

1. Uranium and Plutonium Retention on Inert Solids after 
Fluorination 12 

2. Effect of Fluorination Temperature on Uranium and 
Plutonium Retention on Alundum 13 

3. Amounts of Fission Product Elements Forming Nonvolatile 
Fluorides Expected in the Processing of the Spent Dresden-
type Fuel 14 

4. Effect of Addition of Fission Products on the Retention of 
Uranium and Plutonium on Inert Solids 15 

5. The Removal of Plutonium from Fluorination Residues by 
Pyrohydrolysis and/or Refluorination 16 

6. Fluorination of Uranosic Oxide-Plutonium Dioxide 17 





FOREWORD 

This report is the first in a ser ies of reports which 
will be issued from time to time under the general heading 
Laboratory Investigations in Support of Fluid-Bed Fluoride 
Volatility P r o c e s s e s . These laboratory investigations will 
be concerned with various aspects of the processes and will 
be made to provide information that is needed for the design 
and operation of a pilot-plant facility. 
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ABSTRACT 

The experimental work reported herein has been performed in 
support of the development of fluid-bed fluoride volatility p rocesses . In 
these p rocesses , uranium and plutonium in spent nuclear fuels are con­
verted into hexafluoride compounds in a fluid-bed reactor . The uranium 
and plutonium hexafluorides are volatile and can be separated from fission 
products, cladding, and alloying mater ia ls by techniques such as vaporiza­
tion and distillation. The experimental work has been directed toward 
devising a fluorination procedure for uranium and plutonium dioxides which 
would resul t in a high degree of removal of uranium and plutonium as hex­
afluorides. In these experiments synthetic mixtures made up to simulate 
a charge for a fluidized bed reactor (100 kg U, 0.4 kg Pu, ~1 kg F . P . , and 
30 kg inert solids) were used. 

High-purity recrysta l l ized alumina was found to be a suitable ma­
ter ial for use as the fluidized inert solid. After a 10-hr fluorination 
period at 450 C, the concentrations of residual uranium and plutonium on 
the alumina were 0.01 and 0.03 w/o , respectively. A reaction temperature 
of 450 C was found to be optimum, since experiments at 500 and 550 C 
resulted in plutonium retentions on the alumina of 0.060 and 0.090 w/o , 
respectively. At all these tempera tures , the residual uranium content of 
the residue was less than 0.01 w/o. When fission product element oxides, 
in quantities that would be expected in a Dresden-type fuel after 
100,000 Mwd/ton burnup and 30 days of cooling, were added to the uranium 
dioxide-plutonium dioxide-alumina and the naixture was fluorinated at 
450 C for 10 hr , the concentration of plutonium on the alumina increased 
to a value of 0.065 w/o . Additional recovery of the plutonium retained on 
the alumina was obtained by either pyrohydrolysis followed by refluorina­
tion at 450 C for 10 hr , or by refluorination alone at 550 C for 10 hr . These 
procedures reduced the residual plutoniunn content of the alumina to less 
than 0.02 w/o . 





Experiments were also performed to determine the feasibility of 
using the same batch of alumina as the inert solid for the fluorinations of 
five batches of the urania-plutonia solid solution. The recycle use of alu­
mina did not resul t in a greater removal of plutonium than that which 
would have resulted if a fresh batch of alumina had been used with each 
batch of the uranium-plutonium oxide mixture. 

Experiments were performed in which the solid solution of plu­
tonium dioxide in uranium dioxide was oxidized pr ior to fluorination. The 
oxidation resulted in a powdered mixture of uranosic oxide and plutonium 
dioxide. Fluorination of this oxide mixture in alumina resulted in the r e ­
moval of essentially all of the uranium in a reaction time of 2 hr at 450 C 
when 10 v /o fluorine was used. When this fluorination was followed by a 
second fluorination period of 5 hr at 550 C with 75 v/o fluorine, the plu­
tonium content of the alumina was 0.011 w/o . When both fluorination 
periods were extended to 10 hr each, the retention of plutonium was 
0.007 w/o , which corresponded to a removal of 99.5 percent of the plu­
tonium contained in the solid mixture. 

During the f irs t par t of the fluorination period, in which the major 
portion of the uranium is removed from the mixture of uranium dioxide, 
plutonium dioxide, alumina, and representative fission product element 
oxides, a low temperature (450 C) and a low concentration of fluorine 
(10 v/o fluorine in nitrogen) is desirable. However, in order to remove 
the plutonium efficiently during the last portion of the fluorination period, 
it is desirable to use a higher temperature (550 C) and a higher fluorine 
content of the gas mixture (75 v/o fluorine in nitrogen). 

I. INTRODUCTION 

Fluid-bed fluoride volatility processes(^) are being developed for 
the recovery of both uranium and plutonium from spent nuclear fuels. 
High-density uranium dioxide pellets , clad in either Zircaloy or stainless 
steel, are typical of the fuels that are amenable to purification by these 
p roces ses . 

A conceptual flowsheet for a fluid-bed fluoride volatility process 
is shown in Figure 1. In this p rocess , the declad fuels are converted to 
fluoride compounds by a se r ies of gas-sol id reactions at elevated tempera­
tures . The reactions are car r ied out while the fuel elements are immersed 
in a bed of inert solid. The granules of inert solid are fluidized by the 
reactant gases and provide a heat t ransfer medium for temperature con­
t rol . The declad fuel elements a re reacted with fluorine at about 500 C 
to convert the uranium and plutonium oxides to the volatile hexafluorides. 
Most of the fission products remain as nonvolatile fluorides in the inert 
solid bed, which is discarded as solid waste. The plutonium hexafluoride 





and uranium hexafluoride in the off-gas s t ream are condensed to solids in 
refr igerated t raps . The components of this mixture of hexafluorides can 
be separated by fractional distillation or by selective thermal decomposi­
tion. (2) Uranium hexafluoride is very stable as compared with plutonium 
hexafluoride, which decomposes to plutonium tetrafluoride and fluorine.(3-5) 

Figure 1 
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Since the inert solids will be discarded as waste, it is important 
for economic reasons that very little of the uranium and plutonium be r e ­
tained on the solids after fluorination. The effect of plutonium retention 
on the economy of the fuel cycle can be il lustrated by the following ex­
ample: The charge from a power reactor , such as the Dresden Reactor, 
will probably consist of 100 kg of uranium, 400 g of plutonium, and about 
one kg of fission products. This charge will be mixed with about 30 kg of 
inert solid as the fluidized medium. The current processing scheme calls 
for processing a charge every 2 days. Therefore, on the basis of a 
300-day wforking year , the loss of one percent of the plutonium would mean 
a total loss of 600 g/yr . If the value of the plutonium is assumed to be 
about $10 per gram, the total loss would amount to $6000 per year. This 
estimate is based on the pract ice of discarding the inert solids after each 
fluorination. 

The experimental work presented in this report has been directed 
toward devising a fluorination procedure which would be applicable to fluid-
bed fluoride volatility processes and which would resul t in the optimum 
removal of uranium and plutonium as their hexafluorides. In this work, 
synthetic mixtures were used to simulate the composition of the mater ia l 





that will be charged to the fluid-bed reactor in plant operations. Experi­
ments were performed to select a suitable inert solid, to determine the 
optimum tempera ture , t ime, and fluorine concentration for the reaction, to 
study the effect of fission product elements on the retention of plutonium 
on the inert solid, and to investigate the effect of pr ior oxidation on the 
reactivity of the uranium dioxide-plutonium dioxide mixture. 

II. MATERIALS, APPARATUS, AND PROCEDURE 

The fluorine used in these experiments was obtained from the 
Allied Chemical Corporation. Before use, the fluorine was passed through 
a heated bed of sodium fluoride pellets at about 100 C to remove hydrogen 
fluoride. 

The solid solutions of uranium and plutonium dioxides which were 
fluorinated in these experiments were prepared according to the procedure 
recommended by Wilson. (^) The starting materials were uranyl nitrate 
hexahydrate and a plutonium nitrate solution, both obtained from AEC 
sources. Ammonium diuranate and plutonium hydroxide were coprecipi-
tated by the addition of aqueous ammonia to a solution of the plutonium and 
uranium ni t ra tes . The precipitates were collected by centrifugation, dried 
overnight at 140 C, and then reduced to the oxides by heating at a tempera­
ture of 1000 C in an atmosphere of nitrogen containing 2 v/o hydrogen. 
A flowsheet for this preparat ive method is shown in Figure 2. The oxide 
mixture was ground to a fine powder before use. 

Figure 2 
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Several inert substances were tested to determine their suitability 
as inert solids. Two grades of recrystal l ized alumina were used: Type RR 
Alundum* (Blue Label) with a purity of 99.9+ percent alumina, and Type 38 
Alundum* with a purity of 99+ percent alumina. Spectrochemical analyses 
showed the following impurit ies (expressed in ppm) for the Type 38 Alun­
dum: Fe , 300; Mg, 400; Na, 2000; Si, 800; Ti, 400; and Zr, 400; the im­
purity level for the Type RR Alundum was less than or equal to 100 ppm 
for the same elements . Other inert solids studied were zirconium te t ra ­
fluoride, calcium fluoride, and aluminum fluoride. These substances 
were obtained from commercial sources and the purity of each was about 
99 percent. Nickel fluoride, prepared by the fluorination of nickel 
chloride, was also tested. 

Oxides of the fission product elements were commercially obtained*^ 
and had stated puri t ies of greater than 99 percent. 

Figure 3 
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orides and fluorine by a trap filled 
trap cooled with liquid nitrogen. 

The apparatus used in this 
work was assembled in a glovebox 
of the type described by Malecha 
^ a l . i ' / Figure 3 is a schematic 
diagram of the fluorination appara­
tus, which was constructed of nickel 
and Monel; Figure 4 is a photograph 
showing one face of the glovebox. 
The apparatus included a horizontal 
tubular reactor , in which a nickel 
boat containing the solid sample 
was placed, a ballast volume of 
about 4 l i t e r s , a diaphragm pumpl' 
for circulating the gas phase, a 
thermal flowmeterCS) for sensing 
the flow rate , and cold t raps to con­
dense and remove the hexafluorides 
from the gas s t ream. A mechanical 
pump, provided for evacuation of the 
apparatus, was protected from flu-

with activated alumina as well as by a 

The procedure in a typical fluorination was as follows: A weighed 
quantity of a mixture of inert solid and either the uranium dioxide-plutonium 
dioxide solid solution or its oxidation product was spread in a layer, j ^ to 
-g- in. deep, on the flat bottom of a shallow, nickel reaction boat, the bottom 

•Product of the Norton Company, Worcester, Massachusetts . 

**American Potash and Chemical Corporation, West Chicago, 111. 

tLapp Pulsafeeder No. CPS-1, Lapp Insulator Co., Inc., LeRoy, N.Y. 





10 

Figure 4 
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a rea of which was about 26 sq cm. The reaction boat was placed inside 
the horizontal, tubular reactor , and the system evacuated. When the r e ­
actor had reached the selected temperature , a fluorine-nitrogen mixture 
was admitted to the reaction system to a p re s su re of about one atmosphere, 
and the gas mixture was circulated over the sample at a rate of about 
800 cc/min. The gas phase flowed in ser ies across the surface of the 
solids in the tubular reactor , through two t raps cooled in dry ice, through 
the diaphragm pump, through a thermal flowmeter, and, finally, back to 
the reactor . Uranium and plutonium hexafluorides which were formed in 
the reactor condensed and accumulated in the cold t r aps . At the end of a 
given fluorination period, the system was evacuated and filled with helium. 
After cooling, the reaction boat containing the residual solids was removed 
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from the tubular reactor and weighed. The entire solid residue was then 
dissolved in a sodium borate-sodium carbonate flux at 1000 C. The cooled 
resulting melt was dissolved in nitric acid. The solution was analyzed for 
uranium by fluorophotometric analysis. The plutonium content was deter­
mined by alpha counting after the plutonium had been extracted from the 
ni t r ic acid solution with hexone in order to eliminate interference from 
americ ium. Because of the small quantity of plutonium used in each 
experiment, no attempt was made to collect the volatilized plutonium 
m order to obtain a mater ia l balance. Work covering the preparation, 
t ransport , and collection of plutonium hexafluoride has been previously 
reported.(5) 

III. RESULTS AND DISCUSSION 

An initial experiment was performed to determine the efficiency 
of fluorination of the uranium dioxide-plutonium dioxide solid solution. A 
sample of 9.95 g of the solid solution powder was placed on a thin nickel 
foil l iner in the reaction boat and fluorinated for 10 hr at 450 C with 
100 percent fluorine at a p re s su re of about one atmosphere. The nickel 
foil l iner containing the residual uranium and plutonium was then dissolved 
in nitr ic acid and the solution analyzed. Only 0.21 mg of uranium and 
0.12 mg of plutonium were found in the residue, representing 0.012 and 
0.16 percent , respectively, of the quantities originally charged to the sys­
tem. This resul t shows that the solid solution of plutonium dioxide in 
uranium dioxide does not in itself hinder the fluorination and removal of 
the uranium and plutonium hexafluorides. 

Several mater ia l s were tested for use as the inert solid; r e c r y s ­
tallized alumina (Alundum), nickel fluoride, zirconium tetrafluoride, and 
aluminum fluoride. The study of the inert fluorides was also of interest 
because they might appear in the reaction system as byproducts: nickel 
fluoride from the mater ia l of construction, zirconiunn tetrafluoride from 
residual quantities of zirconium remaining from a decladding step, and 
aluminum fluoride which would be present on the surface of the fluorinated 
recrysta l l ized alumina. 

The experiments were performed at 450 C for 10 hr with 100 pe r ­
cent fluorine flowing at a rate of 800ml/min. The plutonium content of the 
initial uranium dioxide-plutonium dioxide solid solution was about 2 w/o , 
corresponding to the concentration that is normally present in the fluid-bed 
fluoride volatility p rocess after 80 to 90 percent of the uranium has been 
removed. This concentration was based on the previous work by Steindler 
and Steidl(9) on the fluorination of mixtures of uranium and plutonium t e t r a -
fluorides, who had indicated that about 80 to 90 percent of the uranium is 
removed before any appreciable quantity of plutonium is volatilized. The 
initial solid sample contained 3 g of the inert solid and 1-2 g of the u r a ­
nium dioxide-plutonium dioxide solid solution. 
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Table 1 l ists the resul ts obtained in these experiments. The results 
are expressed in te rms of the uranium and plutonium contained on the inert 
solid after the fluorination. It will be helpful in considering these data to 
note that a residual concentration on the inert solid of 0.01 w/o would rep­
resent less than 0.1 percent of the original uranium and less than one per­
cent of the original plutonium, corresponding to removal of 99.9^ percent 
of the uranium and 99+ percent of the plutonium. The economics of a 
one percent loss of plutonium was discussed ear l ie r . F rom the data of 
Table 1, it is apparent that the only suitable inert solids are nickel fluoride 
and high-purity recrysta l l ized alumina. 

Table 1 

URANIUM AND PLUTONIUM RETENTION ON 
INERT SOLIDS AFTER FLUORINATION 

Conditions of Fluorination: 

Temperature: 450 C 
Fluorine Concentration: 100% 
Fluorine Recycle Rate: 800 ml /min 
Fluorine P r e s s u r e : 1 atm 
Reaction Time: 

Inert Solid 

NiF 2 

AI2O3 (high-purity) 

AI2O3 (Type 38) 

CaF^ 

AIF3 

ZrF4 

10 hr 

w/o in Solid Residue 

U 

0.001 

0.007 

0.017 

0.034 

0.060 

0.060 

Pu 

0.005 

0.027 

0.108 

0.301 

0.180 

0,167 

Experiments were also performed to determine the effect of 
reaction temperature on the retention of uranium and plutonium on alumina 
over the temperature range from 350 to 550 C in the same manner as those 
previously discussed. The resul t s , listed in Table 2, showed that an in­
crease in reaction temperature from 350 to 500 C produced an increase 
in the uranium concentration on the alumina from 0.006 to 0.011 w/o, and 
an increase in plutonium concentration on the alumina from 0.029 to 
0.090 •w/o. Although the small increase in uranium concentration on the 
alumina would not material ly affect the economics of the process , the in­
crease in plutonium retention from 0.029 to O.O9O w/o would seriously 
affect the economics of this p rocess . Although the removals of uranium 
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and plutonium at 350 and 450 C were nearly identical, 450 C was selected 
as the reaction temperature to be used in future experiments in order to 
take advantage of the higher fluorination rate at the higher temperature. 

Table 2 

EFFECT OF FLUORINATION TEMPERATURE ON 
URANIUM AND PLUTONIUM RETENTION ON ALUNDUM 

Fluorine Concentration: 100% 
Fluorine Recycle Rate: 800 ml /min 
Fluorine P r e s s u r e : 1 atm 
Reaction Time: 10 hr 

Residual Concentration 

Tempera ture 
(C) 

350 
450 
500 
550 

w/o U 

0.006 
0.007 
0.009 
0.011 

on AI2O3 

w/o Pu 

0.029 
0.027 
0.060 
0.090 

The use of one bed of inert solids for the fluorination of several 
batches of the dioxide mixture was studied as a possible means of mini­
mizing the loss of plutonium on the inert solid. If the level of plutonium 
retention on the inert solid remained constant over several fluorinations 
at the value obtained after the first fluorination, a substantial reduction 
would be achieved in the amount of plutonium retained per batch of oxide 
mixture fluorinated. (The number of tinnes that an inert bed could be 
reused in this manner under process conditions would depend on the 
degree of self-heating that would resul t from the accumulation of fis­
sion products.) An experiment was, therefore, performed in v/hich the 
same sample of alumina was used for the fluorination of five batches 
of uranium dioxide-plutonium dioxide solid solution. Each fluorina­
tion was performed at 450 C for 10 hr; a small par t of the residue 
was removed after each fluorination for analysis of uranium and pluto­
nium. After the initial fluorination, the uranium and plutonium concentra­
tions on the alumina were 0.009 and 0.029 w/o , respectively. The 
concentrations of residual uranium and plutonium on the alumina increased 
to values of 0.029 and 0.104 w/o , respectively, after the fluorination of the 
second batch, and remained nearly constant at these levels for the remain­
ing fluorinations. The resul ts of this experiment indicate that the recycle 
use of alumina would not resul t in an overall lower retention of plutonium 
than that which would have resulted if a fresh batch of alumina had been 
used with each of the five batches of oxide mixture. However, an economy 
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in the u s e of the i n e r t sol id and a s m a l l e r quan t i ty of so l id w a s t e , conta in­
ing a l a r g e p o r t i o n of the f i s s i o n p r o d u c t s to be d i s p o s e d of, would r e s u l t 
f r o m the r e c y c l e u s e of the i n e r t so l id . 

The p r e s e n c e of f i s s i on p r o d u c t e l e m e n t s in the spen t n u c l e a r fuel 
m i g h t affect the r e m o v a l of u r a n i u m and p l u t o n i u m by f luor ina t ion . T h e r e ­
f o r e , a m i x t u r e of f i s s i on p r o d u c t ox ides w a s added to the u r a n i u m - p l u t o n i u m 
dioxide so lu t ion to d e t e r m i n e the effect of t h e s e f i s s ion p r o d u c t oxides on 
the r e t e n t i o n of u r a n i u m and p l u t o n i u m by the i n e r t so l id . Only f i s s ion 
p r o d u c t ox ides of e l e m e n t s tha t f o r m nonvo la t i l e f luor ide w e r e u sed . 
Tab le 3 l i s t s the e l e m e n t s tha t f o r m nonvo la t i l e f l u o r i d e s and the quan t i t i e s 
of e a c h tha t would be e x p e c t e d to be found in a l o w - e n r i c h m e n t u r a n i u m 
dioxide p o w e r r e a c t o r fuel a f t e r 10,000 M w d / t o n b u r n u p . The v a l u e s used 
in the t ab le w e r e c a l c u l a t e d by R. K. S teunenberg . ( lO) x h e m i x t u r e of f i s ­
sion p r o d u c t e l e m e n t o x i d e s e m p l o y e d in the f luo r ina t ion s tud i e s conta ined 
the following ox ides in the r e l a t i v e q u a n t i t i e s shown for the e l e m e n t s in 
Tab le 3: BaO, Z r O j , Y^Oj, La203, C e 0 2 , P r ^ O n , Nd203, SmjOj , EU2O3, and 
Gd203. The m i x t u r e of f i s s i o n p r o d u c t ox ides w a s b lended wi th the u r a n i u m 
d i o x i d e - p l u t o n i u m dioxide so l id so lu t ion p r i o r to the f l u o r i n a t i o n s , which 

w e r e c a r r i e d out a t 450 C for 10 h r 
Table 3 On m i x t u r e s of 3.4 g of the sol id 

so lu t ion (containing 3.0 g U, 0.011 g P u , 
and 0.030 g F . P . ) wi th one g r a m of 
i n e r t so l id . A s i m i l a r e x p e r i m e n t 
w a s p e r f o r m e d wi th a m i x t u r e of 
a l u m i n a and so l id solut ion blended 
wi th a m i x t u r e of f i s s ion p roduc t 
f l u o r i d e s . The m i x t u r e of f i s s ion 
p r o d u c t f l uo r ide s w a s p r e p a r e d by 
f luor ina t ing a p o r t i o n of the f i s s ion 
p r o d u c t oxide m i x t u r e . 

Tab le 4 l i s t s the r e s u l t s ob ­
t a ined for t h e s e e x p e r i m e n t s . Included 
in the t ab le a r e v a l u e s for e x p e r i ­
m e n t s in which no f i s s ion p r o d u c t s 
w e r e p r e s e n t . The da ta ind ica te that 
the p r e s e n c e of f i s s ion p r o d u c t ox­
ides in the so l id so lu t ion r e s u l t e d in 
an i n c r e a s e d r e t e n t i o n of p lu ton ium 
but not of u r a n i u m on both a l u m i n a 
and n i c k e l f luor ide i n e r t s o l i d s . The 
p l u t o n i u m r e t e n t i o n i n c r e a s e d f r o m 
0.027 to 0.065 w / o on a l u m i n a and 
f r o m 0.005 to 0.366 w / o on n icke l 
f l u o r i d e . H o w e v e r , in the e x p e r i m e n t 
in which the f i s s i on p r o d u c t f luor ide 
m i x t u r e w a s u s e d , the p lu ton ium r e ­
tent ion on a l u m i n a w a s r e d u c e d to 

AMOUNTS OF FISSION PRODUCT ELEMENTS 
FORMING NONVOLATILE FLUORIDES 
EXPECTED IN THE PROCESSING OF A 

SPENT DRESDEN-TYPE FUEL^ 

Grams of Elements 
Fission Product 

Element 

Rb 
Sr 
Y 
Z r 
Rh 
P d 

Ag 
Cd 
In 
C s 
B a 
L a 
Ce 
P r 
Nd 
P m 
S m 
E u 
Gd 

P e r 

Total 

100 Kilograms 
Uraniumb 

19.02 
32.96 
20.84 

154.80 
23.08 
11.84 
0.54 
1.52 
0.30 

131.00 
59.60 
48.60 
88.20 
41.60 

170.00 
3.62 

39.40 
1.72 
0.40 

s 849.04 

^10,000 Mwd/ton burnup, 4 yr in reactor 
30-day cooled. 

^Process nnixture (2-dayproduction) to be 
used initially in fluorination step; 100 kg U 
(as UO;), 0.4 kgPu(asPu02) , 30 kg AljOj, 
0,88 kg fission product elennents as their 
respective oxides. 
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0.017 w / o , a va lue which i s s o m e w h a t l o w e r than the f o r m e r l eve l of 
0.027 w / o . T h e s e r e s u l t s a p p e a r to i n d i c a t e t h a t s o m e i n t e r a c t i o n o c c u r s 
b e t w e e n the f i s s i on p r o d u c t e l e m e n t o x i d e s , the p l u t o n i u m oxide , and the 
a l u m i n a d u r i n g the f l u o r i n a t i o n p e r i o d . 

T a b l e 4 

E F F E C T OF ADDITION OF FISSION P R O D U C T S ON THE 
R E T E N T I O N O F URANIUM AND P L U T O N I U M ON I N E R T SOLIDS 

T e m p e r a t u r e : 450 C 
R e a c t i o n T i m e : 10 h r 

I n e r t Sol id 

AI2O3 

AI2O3 

AI2O3 

N i F 2 

N i F 2 

F : Lssion P r o d u c t s 

N o n e ^ 

Oxide s^ 

F l u o r i d e s ' " 

N o n e ^ 

Oxides '^ 

w / o U 

0.006 

0.009 

0.006 

0.001 

0.003 

Re s idue 

w / o P u 

0.027 

0.065 

0.017 

0.005 

0.366 

^See Tab le 1. 

" F i s s i o n p r o d u c t miixture con ta ined : BaO, Z r O j , Y2O3, La203, 
C e O j , P r ^ O i i , NdjOj , Sm203, EU2O3, and Gd203. 

' ' F i s s i o n p r o d u c t m i x t u r e w a s p r e p a r e d by f luo r ina t ion of 
the oxide m i x t u r e . 

E x p l o r a t o r y f l u o r i n a t i o n s w e r e p e r f o r m e d at 450 C for 5 h r wi th 
m i x t u r e s con ta in ing p l u t o n i u m dioxide and indiv idual ox ides o r f l uo r ides 
of s o m e of the f i s s i o n p r o d u c t e l e m e n t s . The r e s u l t s ob ta ined by X - r a y 
d i f f rac t ion and c h e m i c a l a n a l y s i s of the so l id p r o d u c t s f r o m t h e s e e x p e r i ­
m e n t s i n d i c a t e d t h a t so l id so lu t i ons f o r m e d be tween p l u t o n i u m t e t r a f l u o r i d e 
and z i r c o n i u m t e t r a f l u o r i d e and b e t w e e n p l u t o n i u m t e t r a f l u o r i d e and c e r i u m 
t e t r a f l u o r i d e . The a n a l y s i s a l s o i n d i c a t e d tha t compounds w e r e f o r m e d 
b e t w e e n p l u t o n i u m t e t r a f l u o r i d e and the f l u o r i d e s of b a r i u m and c e s i u m : 
B a P u F ^ ( i s o s t r u c t u r a l wi th BaUF^) , and C s j P u F ^ (the compound CS2PUCI4 
is known) . The f i s s i o n p r o d u c t e l e m e n t o x i d e s , such as La203 and Nd203, 
wh ich f o r m t r i f l u o r i d e s , d id no t show any ind ica t ion of i n t e r a c t i o n wi th 
p l u t o n i u m . 
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Two p r o c e d u r e s w e r e t r i e d in an effor t to r e c o v e r addi t iona l 
a m o u n t s of the p l u t o n i u m r e t a i n e d on the i n e r t so l id a f te r a 10-h r f luo­
r i n a t i o n a t 450 C: The f i r s t p r o c e d u r e e m p l o y e d p y r o h y d r o l y s i s of the 
r e s i d u e a t 1000 C, fol lowed by r e f l u o r i n a t i o n a t 450 C for 10 h r ; the s e c ­
ond e m p l o y e d r e f l u o r i n a t i o n of the r e s i d u e a t 550 C for a 1 0 - h r p e r i o d . 
As shown in Tab le 5, p y r o h y d r o l y s i s - r e f l u o r i n a t i o n or the r e f l u o r i n a t i o n 
alone a t 550 C r e d u c e d the p l u t o n i u m con ten t of the a l u m i n a to 0.020 w / o 
or l e s s . In the c a s e of n i c k e l f l u o r i d e , h o w e v e r , the p y r o h y d r o l y s i s -
r e f l u o r i n a t i o n p r o c e d u r e only s u c c e e d e d in r e d u c i n g the p lu ton ium content 
of the n i c k e l f l uo r ide to 0.177 w / o f r o m the o r i g i n a l va lue of 0.366 w / o . 
On the b a s i s of t h e s e r e s u l t s , it a p p e a r s tha t a r e f l u o r i n a t i o n s tep at 550 C 
for 10 h r wi l l r e d u c e the p l u t o n i u m con ten t of a l u m i n a to a s a t i s f a c t o r y 
l eve l of about 0.02 w / o . T h e s e r e s u l t s a l s o show that n i cke l f luor ide is 
not a su i t ab l e i n e r t so l id for p r o c e s s u s e . 

Tab le 5 

THE R E M O V A L OF P L U T O N I U M F R O M FLUORINATION RESIDUES 
BY PYROHYDROLYSIS A N D / O R REFLUORINATION 

P y r o h y d r o l y s i s : 1000 C, 3 h r 
F l u o r i n a t i o n T i m e : 10 h r 
F l u o r i n e R e c y c l e R a t e : 800 m l / m i n 
F l u o r i n e P r e s s u r e : 1 a t m 
F l u o r i n e C o n c e n t r a t i o n : 100% 

w/o P u in I n e r t Solid 
T e m p 

(C) 

450 

450 

550 

R e s i d u e 
P y r o h y d r o l y z e 

Yes 

Yes 

No 

;d 
I n e r t 
Solid 

AI2O3 

NiF2 

AI2O3 

In i t i a l 

0,287 

0.366 

0.105 

F i n a l 

0.018 

0.177 

0.010 

A m e t h o d p r o p o s e d for the dec ladd ing of u r a n i u m dioxide fuel d e ­
p e n d s upon the c o n v e r s i o n of the d ioxide to u r a n o s i c oxide (UsOg), which is 
f o r m e d a s a f inely d iv ided , f r ee - f l owing p o w d e r . Th i s c o n v e r s i o n m a y be 
a c c o m p l i s h e d by p a s s i n g a i r ove r the u r a n i u m dioxide a t 450 C. If the 
ox ida t ion is c a r r i e d out in the l o w e r s e c t i o n of a f l u id -bed r e a c t o r , the 
u r a n o s i c oxide f ines along wi th p l u t o n i u m dioxide m a y then be c a r r i e d by 
the g a s s t r e a m to the u p p e r p o r t i o n of the r e a c t o r w h e r e the oxide m i x ­
t u r e can be f l u o r i n a t e d . 

In an a l t e r n a t i v e p r o c e s s , the ox ida t ion r e a c t i o n could be c a r r i e d 
out in one r e a c t o r and the u r a n o s i c o x i d e - p l u t o n i u m dioxide p o w d e r t r a n s ­
p o r t e d in to the f luid bed of a n o t h e r r e a c t o r for con tac t ing wi th f l uo r ine . 
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Fluorination experiments were performed with uranosic oxide-plutonium 
dioxide mixtures prepared by oxidizing the uranium dioxide-plutonium 
dioxide solid solution with air for 3 hr at 450 C. The uranosic oxide-
plutonium dioxide powder was mixed with 60 mesh alumina and fluorinated 
twice, f irst at 450 C and then at 550 C. The gas phase in these experiments 
contained about 25 v/o oxygen, since oxygen would accumulate in the gas 
phase to about this level as a resul t of the fluorination of the oxides under 
process conditions. For the fluorination at 450 C, the initial concentrations 
of fluorine, oxygen, and nitrogen in the gas phase were 10, 25, and 65 per ­
cent, respectively. For the fluorination at 550 C, the initial composition 
of the gas phase was 75 v/o fluorine and 25 v/o oxygen. Essentially all of 
the uranium and a large portion of plutonium were removed from the mix­
ture during the first fluorination; the residual plutonium was removed dur­
ing the second fluorination. 

The resul ts obtained in two series of tests are shown in Table 6. 
In one ser ies , the duration of each fluorination period was 10 hr. In the 
other se r ies , the first fluorination period was 2 hr and the second was 
5 hr. The resul ts of these tests show that the uranosic oxide-plutonium 
dioxide mixture is more readily fluorinated than is the solid solution of 
plutonium dioxide and uranium dioxide. Retention of 0.011 w/o of plu­
tonium on the alumina, which corresponded to a removal of 98.7 percent 
of the plutonium, resulted when the total reaction time was 7 hr. When 
both fluorination periods were extended to 10 hr each, the retention of 
plutonium was 0.007 w/o , which corresponded to a removal of 99.5 per ­
cent of the plutonium contained in the solid mixture. 

Table 6 

FLUORINATION OF URANOSIC OXIDE-PLUTONIUM DIOXIDE 

Fluorinat ing Gas Mixtures : v /o F^ v / c O2 v /o N2 

1st Pe r iod (450 C): 10 25 65 
ZndPeriod (550 C): 75 25 

Gas Flow Rate: 800 m l / m i n 
System P r e s s u r e : 1 atm 

Temp 
(C) 

450 
550 

450 
550 

Time 
(hr) 

IS} 
1} 

Residue 
w / o Pu 

0.007 + 0.001 

0.011 + 0.005 

Pe rcen t of 
Initial Pu 
Removed^ 

99.5b + 0 1 

98.7= ± 0.3 

a3.42 g UO2-PUO2 (3 g U, 0.011 g Pu, 0.03 g fission product e l e ­
ments) were oxidized by air at 450 C for 3 hr to form the U30g-
PuOj mixture used. The UjOj-PuO^ was mixed with 0.90 g of 
AI2O3. 

oThese resu l t s a re average values for seven exper iments . 

^These resu l t s a re average values for three exper iments . 





IV. SUMMARY 

The experimental work described in this report was performed in 
support of the work that is being car r ied out on the development of fluid-
bed fluoride volatility p roces ses . In the conceptual flowsheet of one such 
p rocess , spent uranium dioxide fuel elements, after decladding, will be 
fluorinated in a fluid-bed reactor to convert the uranium and plutonium to 
their respective hexafluorides. The laboratory work was directed toward 
devising a fluorination scheme to achieve the removal of uranium and plu­
tonium as their hexafluorides from synthetic mixtures that simulated the 
spent reactor fuel which will be used as feed mater ia l in plant-scale op­
erations of the fluid-bed fluorinator. Since the inert solids that will be 
used as fluidized media a re to be discarded after use , it is economically 
important that methods for the optimum removal of plutonium and uranium 
from the inert solids be developed. 

It was first demonstrated that uranium and plutonium could be 
removed from a solid solution of plutonium dioxide in uranium dioxide, in 
which the plutonium content •was about 4 w/o , by fluorination at 450 C for 
10 hr . A solid solution was used since this approximated the physical 
condition of the uranium and plutonium in the spent nuclear fuel. More 
than 99.9 percent of the uranium and 99 percent of the plutonium were r e ­
moved during the fluorination. 

Several mater ia ls were tested for use as fluidized inert solids: 
recrystal l ized alumina (Alundum), nickel fluoride, zirconium tetrafluoride, 
aluminum fluoride, and calcium fluoride. Of these mater ia ls , high-purity 
alumina and nickel fluoride showed the most promise . The alumina r e ­
tained 0.01 w/o uranium and 0.03 w/o plutonium, whereas the nickel 
fluoride retained less than 0.01 w/o of each of uranium and plutonium. 

The effect of reaction temperature on the retention of uranium and 
plutonium on alumina was examined over the temperature range from 
350 to 550 C. Uranium retention on alumina increased slightly from a 
value of 0.006 w/o at 350 C to 0.011 w/o at 550 C. Plutonium retention 
on alumina, however, increased from a value of 0.029 w/o at 350 C to 
0.090 w/o at 550 C. 

When a mixture of 10 fission product element oxides* which form 
nonvolatile fluorides was added to the uranium dioxide-plutonium dioxide 
solid solution, increased retention of plutonium on the inert solid resulted. 
For alumina, the plutonium retention was increased from 0.027 to0.065w/o 
of the res idue; for nickel fluoride, the plutonium retention was increased 
from 0.005 to 0.366 w/o of the residue. The addition of the same fission 
product elements as fluorides did not resul t in an increase in plutonium 
retention on the alumina. 

*BaO, ZrOj, Y2O3, La203, Ce02, Pr^On, Nd203, Sm203, EujOj, andGd203. 
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Reduction of the plutonium retained on the alumina after fluorina­
tion to less than 0.02 w/o can be accomplished effectively by either of 
two additional t reatments of the residue. One involves a pyrohydrolysis 
of the residue at 1000 C followed by a refluorination at 450 C for 10 hr. 
The other involves a refluorination at 550 C for 10 hr. 

Experiments were also performed to determine the feasibility of 
using the same batch of alumina as the inert solid for the fluorination of 
several batches of a solid solution of uranium dioxide-plutonium dioxide. 
The recycle use of alumina in the fluorination of five batches of the solid 
solution did not resul t in a greater removal of plutonium than that which 
would have resulted if a separate batch of alumina had been used in each 
fluorination. 

Experiments were performed in which the solid solution of pluto­
nium dioxide in uranium dioxide was oxidized pr ior to fluorination. The 
oxidation resulted in a powdered mixture of uranosic oxide and plutonium 
dioxide. Fluorination of this oxide mixture in alumina resulted in the r e ­
moval of essentially all the uranium in a reaction time of 2 hr at 450 C 
with 10 v/o fluorine. When this fluorination was followed by a second 
fluorination period of 5 hr at 550 C with 7 5 v /o fluorine, the plutonium 
content of the alumina was 0.011 w/o. When both fluorination periods 
were extended to 10 hr each, the retention of plutonium was 0.007 w/o , 
which corresponded to a removal of 99.5 percent of the plutonium con­
tained in the solid mixture. 

Future work on the fluorination of mixtures of uranosic oxide and 
plutonium dioxide will be performed in a l-5--in.-diameter fluid-bed r eac ­
tor . Before starting work with an oxide mixture containing plutonium, 
experiments will be performed with only uranosic oxide. Work with plu­
tonium will begin after the fluid-bed apparatus has been tested and the 
experimental conditions have been defined. 
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